Introduction
============

Atopic dermatitis (AD), also known as atopic eczema, is a chronic inflammatory skin disease whose prevalence is increasing globally.^[@bib1]^ AD is often accompanied by skin thickening; infiltration of inflammatory cells, such as macrophages, lymphocytes and mast cells; skin barrier dysfunction; and increased transepidermal water loss (TEWL) in areas with lesions.^[@bib2]^ Moderate lesions require moisturizing products and either calcineurin inhibitors or topical steroid therapy.^[@bib3]^ Many corticosteroids have been used to treat AD over the years.^[@bib4]^ Among them, hydrocortisone was used first, and its efficacy in treating AD has been known for 60 years.^[@bib5]^ Hydrocortisone creams are also still used as a reference drug for AD.^[@bib6],\ [@bib7]^ However, the currently available therapies have limited success, do not typically affect the rate of recurrence, and have considerable side effects. The detailed mechanism of AD is not entirely clear, but induction may involve certain proinflammatory factors such as tumor necrosis factor-alpha (TNF-α), inducible nitric oxide synthase (iNOS) and chemokines.^[@bib8]^

Disorders of the skin barrier are also found in early AD. Many studies have indicated that an abnormal skin barrier is associated with pro-filaggrin (FLG) in AD lesions.^[@bib9]^ These findings suggest a possible explanation for why patients who suffer from AD have increased TEWL. 2,4-dinitrochlorobenzene (DNCBs) are often used to induce AD in rodents and have been found to upregulate inflammatory proteins in macrophages. Therefore, a DNCB-induced AD model has been developed to assess the efficacy of possible treatments.^[@bib10]^ For example, the fish oil derivative resolvin E1 was also shown to block inflammation in macrophages and to alleviate AD in mice.^[@bib11]^ Based on the above findings, by screening substances for their anti-inflammatory activity in macrophages, new treatments for AD can be identified and developed.

Macrophages play an important role in innate immunity. These phagocytic cells maintain homeostasis and help clear debris and toxic substances.^[@bib12]^ Macrophages can be activated by lipopolysaccharide (LPS), interferon-γ, and cytokines. LPS can activate mouse macrophages (RAW 264.7 cells) via the Toll-like receptor 4, thereby causing inflammation. Active macrophages release certain inflammatory factors such as TNF-α, interleukin 6 and iNOS.^[@bib13]^ Heme oxygenase-1 (HO-1) is the rate-limiting enzyme for the catalysis of heme into biliverdin, carbon monoxide and iron.^[@bib14]^ Over the past decade, HO-1 has been shown to block inflammation, oxidation and apoptosis.^[@bib15]^ Furthermore, the induction of HO-1 expression in macrophages is essential for its anti-inflammatory effects.^[@bib16]^ Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) also plays a vital role in the regulation of immunity and inflammation.^[@bib17]^ Some reports have indicated that NF-κB interacts with NPM, which is considered an alarmin that shuttles between the nucleus and the cytoplasm.^[@bib18]^ However, the exact relationship between NF-κB and NPM remains unknown.

Some scientists have acknowledged that drug discovery from marine organisms has a relatively high potential for success.^[@bib19]^ Our previous studies indicated that extracts from the Formosan soft coral *Cladiella australis* have several bioactivities. WA-25, the synthetic precursor of austrasulfone, a natural product produced by *C. australis*, possesses anti-inflammatory activity and elicits therapeutic effects against neuropathic pain, atherosclerosis, multiple sclerosis and cancer.^[@bib20],\ [@bib21]^ Although the beneficial effects of WA-25 have been described for many diseases, the mechanism by which it modulates the progression of AD remains poorly understood. Therefore, we investigated the detailed anti-inflammatory and other therapeutic effects of WA-25 on AD.

Materials and methods
=====================

Chemicals
---------

Dihydroaustrasulfone alcohol (WA-25) was originally designed and synthesized by Sheu and colleagues.^[@bib21]^ WA-25 in this study was partially provided by the Research Center of National Research Program for Biopharmaceuticals, Taiwan (<http://nrpb.sinica.edu.tw/zh-hant/rc>). Penicillin, streptomycin, dimethyl sulfoxide, LPS (*Escherichia coli*), paraformaldehyde, DNCB, hydroxypropyl cellulose (HPC), Griess reagent, NPM, HO-1, sirtuin-6 (Sirt-6) and anti-β-actin antibody were obtained from Sigma Chemical (St. Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), sodium pyruvate, [L]{.smallcaps}-glutamine, trypsin-EDTA, alamarBlue, cellular reactive oxygen species (ROS) detection assay kit, DAPI solution, Lipofectamine 3000 and green or red fluorescence-conjugated secondary antibodies were purchased from Invitrogen Co. (Grand Island, NY, USA). Anti-iNOS and anti-COX-2 antibodies and NSC 348884 were purchased from Cayman Chemical Company (Ann Arbor, MI, USA). Anti-Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), anti-histone, anti-E-cadherin, anti-FLG-1, anti-histamine, anti-substance P, and anti-glial fibrillary acidic protein (GFAP) antibodies were obtained Abcam Corp. (Cambridge, UK). Anti-p65 NF-κB and anti-lysosomal-associated membrane protein 1 (LAMP-1) antibodies were purchased from Millipore Corp. (Billerica, MA, USA). Horseradish peroxidase-conjugated secondary antibodies were obtained from Jackson ImmunoResearch Laboratories (West Grove, PA, USA).

Cell line culture
-----------------

The growth conditions used for culturing the RAW 264.7 cell line were described previously.^[@bib22]^ Briefly, RAW 264.7 macrophages (No. TIB-71) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in DMEM containing 10% heat-inactivated FBS, 2 m[M]{.smallcaps} glutamine, 1 m[M]{.smallcaps} pyruvate, 4.5 g l^−1^ glucose, 50 U ml^−1^ penicillin and 50 μg ml^−1^ streptomycin. The cell cultures were maintained at 37 °C in a humidified atmosphere containing 5 CO~2~ and 95% air. Cells were trypsinized for subculturing in different-sized wells or dishes. Culture plastic ware was obtained from Corning (Corning, NY, USA). All experiments were performed overnight after cell seeding.

Anti-inflammatory assay
-----------------------

RAW 264.7 cells were seeded in 10-cm dishes at a density of 1 × 10^6^ cells. Inflammation was induced by incubation in media containing only LPS (0.01 μg ml^−1^) without WA-25. For the anti-inflammatory activity assay, WA-25 was added to the cells. The cells were then washed with ice-cold phosphate-buffered saline (PBS), lysed in ice-cold lysis buffer (50 m[M]{.smallcaps} Tris, pH 7.5, 150 m[M]{.smallcaps} NaCl, 1% Triton X-100, 100 μg ml^−1^ phenylmethylsulfonyl fluoride and 1 μg ml^−1^ aprotinin), and centrifuged at 20 000 *g* for 30 min at 4 °C. The supernatants were decanted and reserved for western blotting. Protein concentrations were measured using the DC protein assay kit (Bio-Rad, Hercules, CA, USA).

Western blot analysis
---------------------

Western blotting was performed according to the method described in our previous study.^[@bib23]^ An equal volume of sample buffer (2% 2-mercaptoethanol, 2% sodium dodecyl sulfate (SDS), 0.1% bromophenol blue, 10% glycerol, and 50 m[M]{.smallcaps} Tris-HCl (pH 7.2)) was added to the samples, and the protein lysates were loaded onto a 10% SDS-polyacrylamide gel. Electrophoresis was carried out at 150 V for 90 min. After electrophoresis, gels were transferred overnight at 4 °C in transfer buffer (380 m[M]{.smallcaps} glycine, 50 m[M]{.smallcaps} Tris-HCl, 1% SDS and 20% methanol) onto a polyvinylidene difluoride membrane (PVDF; Immobilon-P, Millipore Corp. (0.45-μm pore size)). The PVDF membrane was first blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween (TTBS; 20 m[M]{.smallcaps} Tris-HCl, 0.1% Tween 20, and 137 m[M]{.smallcaps} NaCl (pH 7.4)) and incubated overnight at 4 °C with the primary antibodies. A horseradish peroxidase-conjugated secondary antibody was used for detection. The bound antibodies were detected by chemiluminescence (Millipore Corp.). The images were obtained using the UVP BioChemi Imaging System, and the LabWorks 4.0 software (UVP, Upland, CA, USA) was used to quantify the relative densities.

Immunocytochemistry
-------------------

To examine the signaling proteins, RAW 264.7 cells were seeded onto slides at a density of 0.5--1 × 10^5^ cells. Immunocytochemistry was performed using modified methods as previously described.^[@bib24]^ After treatment, RAW 264.7 cells were fixed with 4% paraformaldehyde in PBS buffer for 8 min and washed three times with PBS buffer. The cells were blocked with 4% normal goat serum dissolved in PBS containing 0.01% Triton X-100. After blocking, the RAW 264.7 cells were washed three times with PBS buffer and then incubated overnight at 4 °C with primary antibodies. Cells were washed three times with PBS buffer, blocked as described previously, and then incubated for 2 h at 37 °C with green or red fluorescence-conjugated secondary antibody. Fluorescence was visualized using a Leica DM6000 CFS confocal microscope and analyzed with Leica Microsystems software (Leitz-Park, Wetzlar, Germany).

NO production and determination of intracellular ROS
----------------------------------------------------

Cells were seeded at a density of 10^5^ cells per well in a 96-well plate. NO production was measured according to the Griess reaction. Intracellular ROS was examined using CellROX Green Reagent fluorescent dye (Invitrogen Co., Grand Island, NY, USA). The measurements were carried out as described previously.^[@bib16]^ The absorbance was detected by an Epoch 2 Touch Screen (Bio-Tek, Winooski, VT, USA). The fluorescence was visualized using a Leica DM6000 microscope.

Induction of AD
---------------

This method was modified from a method used in previous studies.^[@bib25]^ Male BALB/c mice (aged 6 weeks) were obtained from BioLASCO Co. Ltd., Taipei, Taiwan, and used for the induction of AD. The experimental procedure is shown schematically in Figure 2a. Briefly, DNCB was diluted in a mixture of acetone and olive oil (4:1). The DNCB solution (50 μl of 1% DNCB) was applied to the shaved backs of mice three times a week. WA-25 was prepared as a gel and used for treatment from days 7 to 15. All animals were sacrificed on day 15, and samples were collected for further analysis. The AD score was evaluated according to symptoms such as (a) scaling, (b) erythema, (c) erosion and (d) edema. Each symptom was scored as 0 (no symptom), 1 (mild), 2 (moderate), or 3 (severe). We followed the Guiding Principles in the Care and Use of Animals of the American Physiology Society, and all experiments were approved by the National Sun Yat-sen University Institutional Animal Care and Use Committee.

Preparation of WA-25 gel
------------------------

A 0.1% (w/w) WA-25 gel was used in this study and was prepared with HPC, distilled water and ethanol, as described in our previous report.^[@bib26]^ The solution was stirred overnight until a clear gel was formed. The gel was prepared fresh before the experiments.

Measurement of TEWL
-------------------

TEWL was detected on the dorsal skin using a Tewameter (TM300; Courage and Khazawa, Cologne, Germany) following the method described in a previous report.^[@bib27]^ TEWL readings were recorded after stabilization, and the data were expressed in g m^−2^ h^−1^. TEWL was measured on day 15 before the animals were killed.

Evaluation of scratching behavior
---------------------------------

The scratching behavior test was performed as previously described.^[@bib28]^ All mice were acclimated in acrylic cages for \~15 min. After acclimation, the mice were observed for scratching behavior for 30 min.

Alloknesis assay
----------------

Alloknesis was assessed as previously described.^[@bib29]^ Briefly, a von Frey filament (0.7 mN) was applied to the skin for 30 min. If the mouse scratched the site where the von Frey filament was applied, it was defined as a positive response. The alloknesis score was calculated as the total number of scratches in 30 min.

Immunohistochemistry
--------------------

Paraffin-embedded mouse skin sections were deparaffinized in xylene and rehydrated in a graded ethanol series. Slides were blocked with normal goat serum for 40 min and then incubated with primary antibody. After washing, slides were incubated first with biotinylated secondary antibody and then with the DAB substrate (Vector Laboratory, Burlingame, CA, USA) for 1--3 min, followed by counterstaining with hematoxylin for 5--10 s. All images were captured by a Leica DM 6000B light microscope with a SPOT Idea 5 MP Scientific Digital Camera System (Diagnostic Instruments Inc., Sterling Heights, MI, USA). Some skin and spinal cord tissues were collected and cut in a cryostat for immunohistochemistry. Briefly, the tissue sections were blocked with normal goat serum and incubated with primary antibodies overnight. The sections were then incubated for 1 h at room temperature with green or red fluorescence-conjugated secondary antibody. The images were visualized using a Leica DM6000 CFS confocal microscope and analyzed using the Leica Microsystems software.

siRNA *in vitro* and *in vivo* applications
-------------------------------------------

SMARTpool: Accell Npm1 siRNA was synthesized by Dharmacon Research (Thermo Fisher Scientific, Lafayette, CO, USA). For knockdown in RAW 264.7 cells, Npm1 siRNA was added to the medium with Lipofectamine 3000 overnight, and an anti-inflammatory assay was then performed. The topical siRNA formulation was prepared as a gel by mixing SMARTpool: Accell Npm1 siRNA using a modified protocol from Hegde *et al.*^[@bib30]^ We applied the siRNA mixture to the skin of the mice once a day for 14 consecutive days.

Inflammation antibody array
---------------------------

Inflammation antibody array membranes (Abcam, Cambridge, MA, USA) were used to examine the profiles of inflammatory cytokines in mouse serum following the manufacturer's instructions. Spots were detected by chemiluminescence using the UVP BioChemi Imaging System and LabWorks 4.0 software (UVP, Upland, CA, USA).

Data and statistical analysis
-----------------------------

All data were presented as the means±s.e.'s of the means. For immunoblot analyses, the intensity of the experimental results was determined as the integrated optical density and compared to the average optical density of the corresponding control group. For statistical analysis, all data were analyzed by variance, along with Dunnett's test for multiple comparisons. Differences were significant when the *P*-value was \<0.05.

Results
=======

Effects of WA-25 on inflammation and oxidative stress in LPS-stimulated macrophages
-----------------------------------------------------------------------------------

We investigated whether WA-25 has anti-inflammatory effects, using LPS-stimulated macrophages. Treatment with LPS alone markedly increased the iNOS protein expression levels, which is a proinflammatory cytokine, whereas treatment with both LPS and WA-25 significantly inhibited the iNOS level ([Figure 1a](#fig1){ref-type="fig"}). We further found that WA-25 significantly decreased LPS-induced NO production ([Figure 1b](#fig1){ref-type="fig"}). To determine whether WA-25 blocks the effects of oxidative stress, we showed that WA-25 can inhibit the LPS-induced upregulation of ROS ([Figure 1c](#fig1){ref-type="fig"}). In agreement with these observations, we found no expression of HO-1 in the presence or absence of LPS, whereas WA-25 increased HO-1 expression ([Figure 1d and e](#fig1){ref-type="fig"}). Furthermore, the level of Nrf2, which is upstream of HO-1, decreased after LPS induction and was upregulated significantly after incubation with WA-25 ([Figure 1e](#fig1){ref-type="fig"}).

Therapeutic effects of WA-25 on AD
----------------------------------

We induced AD in BALB/c mice with DNCB to evaluate whether WA-25 can alleviate AD phenotypes. Our experimental schedule for the induction of AD is shown in [Figure 2a](#fig2){ref-type="fig"}. We found that DNCB could induce AD lesions in mice on day 15 ([Figure 2b](#fig2){ref-type="fig"}). Treatment with WA-25 could relieve AD phenotypes better than treatment with hydrocortisone cream (HC) could. Additionally, WA-25 significantly improved the AD scores and inhibited AD-induced TEWL, scratching behavior and alloknesis ([Figure 2c--f](#fig2){ref-type="fig"}). Although treatment with HC could also significantly relieve these phenotypes and improve the AD scores, its effects were not as noticeable as those of WA-25. In addition, HC could not inhibit AD-induced alloknesis. [Figure 2g](#fig2){ref-type="fig"} shows that treatment with WA-25 reduced AD-induced iNOS overexpression.

Interaction between NF-κB and NPM plays an important role in inflammation
-------------------------------------------------------------------------

To determine whether WA-25 can inhibit the iNOS-related pathway, we examined NF-κB activity, which is upstream of iNOS. As shown in [Figure 3a](#fig3){ref-type="fig"}, LPS induced NF-*κ*B translocation from the cytoplasm into the nucleus. However, WA-25 significantly decreased the translocation of p65 NF-κB. Other studies have indicated that sirt-6 can inhibit NF-κB transcriptional activity.^[@bib31]^ Importantly, we found that LPS could decrease sirt-6 protein expression in the nucleus, whereas WA-25 significantly restored sirt-6 expression ([Figure 3b](#fig3){ref-type="fig"}). To further examine how WA-25 regulates NF-κB signaling, we tried to clarify the pathways in which NPM might be involved. As shown in [Figure 3c](#fig3){ref-type="fig"}, LPS decreased the NPM levels in the nucleus, whereas treatment with WA-25 increased NPM expression. In addition, LPS slightly reduced the total NPM expression ([Figure 3c](#fig3){ref-type="fig"}). Interestingly, immunofluorescence staining of both p65 NF-κB and NPM showed that p65 NF-κB was almost exclusively expressed in the cytoplasm and that NPM was primarily expressed in the nucleus ([Figure 3d](#fig3){ref-type="fig"}). However, LPS stimulated the translocation of p65 NF-κB into the nucleus and of NPM into the cytoplasm. In addition, some NPM-NF-κB interactions were evident in the nucleus in both the control and WA-25 groups. To clarify why the total NPM levels decreased after LPS stimulation, we investigated whether NPM could be degraded by lysosomes. We used the lysosomal marker LAMP1 to study the association between NPM and lysosomes. As shown in [Figure 3e](#fig3){ref-type="fig"}, we found an accumulation of LAMP1 in the control and WA-25 groups. However, LPS induced NPM degradation, presumably by lysosomes, in the cytoplasm. Therefore, we proposed that WA-25 might regulate NPM translocation into the nucleus and binding to NF-κB to block inflammatory signaling. To confirm this hypothesis, we assessed whether WA-25 could regulate NPM binding to NF-κB. Using immunoprecipitation, we observed that WA-25 significantly increased NPM binding to NF-κB compared to the LPS group ([Figure 3f](#fig3){ref-type="fig"}).

Effects of WA-25 on inflammation regulated by NPM
-------------------------------------------------

To demonstrate that the effects of WA-25 on inflammation are regulated by NPM, we used both NSC 348884, an NPM protein inhibitor, and NPM siRNA to clarify the mechanisms involved. As shown in [Figure 4a](#fig4){ref-type="fig"}, the anti-inflammatory effects of WA-25 were inhibited by NSC 348884. Similarly, NPM knockdown suppressed these anti-inflammatory effects ([Figure 4b](#fig4){ref-type="fig"}). We then asked whether the therapeutic effects of WA-25 on AD could also be achieved by NPM. As shown in [Figure 4c](#fig4){ref-type="fig"}, the therapeutic effects of WA-25 on AD were inhibited by both NSC 348884 and NPM siRNA. Concurrently, the AD score, AD-induced TEWL, scratching behavior, and alloknesis, which were all improved by the WA-25 treatment, were disrupted by inhibiting the NPM protein ([Figure 4d--g](#fig4){ref-type="fig"}). To clarify the detailed mechanisms involved, we chose the NPM siRNA group for the following experiments. As shown in [Figure 4h](#fig4){ref-type="fig"}, NPM was primarily located in the nucleus in the control group but was translocated into the cytoplasm in the AD group. However, treatment with WA-25 induced the translocation of NPM back into the nucleus. We also showed that NPM expression could be reduced by NPM siRNA. The knockdown efficiency of NPM siRNA is shown in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}.

NPM-regulated WA-25 effects on AD
---------------------------------

To clarify the therapeutic mechanisms by which WA-25 elicits its effects on AD and the role of NPM in these mechanisms, we used immunofluorescence and immunocytochemistry to further examine skin samples from animals in the various treatment groups. A recent study indicated that epidermal barrier dysfunction was the major manifestation of AD progression.^[@bib32]^ As shown in [Figure 5a](#fig5){ref-type="fig"}, we used the expression of E-cadherin to assess the integrity of the epidermal barrier. These results showed that WA-25 restored AD-induced epidermal barrier dysfunction and that this restoration was blocked by NPM knockdown. As shown in [Figure 5b](#fig5){ref-type="fig"}, we found that AD actually leads to the downregulation of FLG-1 compared with the control group. Interestingly, WA-25 treatment was found to increase FLG-1 expression and NPM knockdown inhibited this WA-25-induced increase in FLG-1 expression. To determine how WA-25 relieves AD-induced itching or alloknesis, we performed immunocytochemistry to examine itch-related molecules. As shown in [Figure 5c and d](#fig5){ref-type="fig"}, AD caused the overexpression of both histamine and substance P in the skin, whereas WA-25 markedly reduced histamine and substance P expression. Similarly, NPM knockdown blocked the reduction of itch-related proteins. Because many AD patients develop chronic itching, recent research has indicated that astrocytes play a critical role in this process.^[@bib33]^ Therefore, we used GFAP as an astrocyte marker to examine whether WA-25 could regulate astrocytes in the dorsal horn of the spinal cord. WA-25 was found to inhibit AD-stimulated astrocyte activation ([Figure 5d](#fig5){ref-type="fig"}), and NPM knockdown could disrupt this process. As AD also causes inflamed skin, we asked whether WA-25 could reduce AD-induced inflammation. Using an inflammation antibody array, we examined the expression levels of 40 inflammatory cytokines in the serum. Among the cytokines tested, WA-25 significantly inhibited the secretion of most inflammatory cytokines in the serum compared to the AD group ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Similarly, the data also showed that NPM knockdown disrupted the secretion of inflammatory cytokines that were modulated by WA-25.

Discussion
==========

Our previous studies have indicated that WA-25 is effective in many inflammation-related diseases. However, whether WA-25 can be used as a treatment for AD remains unknown. We used a RAW 264.7 cell model to clarify the mechanisms by which WA-25 may elicit anti-inflammatory effects on AD. Our data suggest that WA-25 possesses anti-inflammatory and anti-AD activities. Furthermore, these observations led to the discovery that NPM may play an important role in regulating inflammation and AD.

Activated macrophages play a crucial role in inflammation.^[@bib34]^ RAW 264.7 cells are a macrophage cell line that can induce inflammatory signals after LPS stimulation. Inflammation leads to the production of NO and prostaglandin E2, which are regulated by iNOS.^[@bib35]^ Therefore, many anti-inflammatory drugs have been identified and developed by analyzing these target proteins.^[@bib36]^ We found that WA-25 decreased the LPS-induced expression of iNOS. As expected, the upregulated levels of NO were also reduced by WA-25. These results mirror studies in which anti-inflammatory drugs were developed.^[@bib37]^ Generally, substances that can regulate macrophage activation have good anti-inflammatory effects.^[@bib38]^ However, high levels of ROS have been reported in many human diseases such as inflammation and cancer.^[@bib39]^ Our observations suggest that WA-25 can reduce LPS-stimulated ROS production. In addition, we found that WA-25 upregulated the expression of both HO-1 and Nrf2. Recent studies have shown that HO-1 has anti-inflammatory, antioxidant and anti-apoptotic activities.^[@bib40]^ Additionally, Nrf2 is a transcription factor that increases the expression of many genes encoding antioxidant enzymes,^[@bib41]^ and WA-25 may prevent inflammation-induced oxidative stress. Given these results, we propose that WA-25 may serve as a potential anti-inflammatory drug that elicits anti-oxidative effects via the Nrf2-HO-1 signaling pathway.

Recent studies have indicated that AD is associated with inflammation, oxidative stress, skin barrier dysfunction and itching.^[@bib42],\ [@bib43],\ [@bib44]^ Therefore, WA-25 may be an excellent therapy for use in patients with AD. Our results showed that WA-25 alleviated DNCB-induced AD to a greater extent than HC did ([Figure 2b](#fig2){ref-type="fig"}). Skin barrier defects in patients with AD are considered the primary phenotypes and can be measured by TEWL.^[@bib45]^ As shown in [Figure 2d](#fig2){ref-type="fig"}, WA-25 inhibited AD-induced TEWL to a greater extent than HC. Itching is also a common symptom in early AD,^[@bib46]^ and some AD cases develop alloknesis, which is characterized by extreme itching. Our results showed that WA-25 relieved AD-stimulated scratching behavior and alloknesis. Most importantly, the effects on scratching behavior and alloknesis were much greater than those of HC. As shown in [Figure 2g](#fig2){ref-type="fig"}, WA-25 was able to block inflammation by the regulation of iNOS. Together, the above data indicate that WA-25 has the potential to treat AD better than the currently used therapies.

Accumulating evidence has revealed that NF-κB is associated with several inflammatory diseases and plays an important role in transcription.^[@bib47]^ When NF-*κ*B is translocated into the nucleus, it activates numerous inflammatory signaling pathways. Drugs targeting NF-κB may prove to be successful therapies for treating inflammatory diseases.^[@bib48]^ Our results demonstrate that WA-25 inhibits the translocation of NF-κB. Furthermore, WA-25 upregulates sirt-6 levels in the nucleus, which suppresses the transcription of NF-κB. A recent study reported that the overexpression of sirt-6 relieved arthritis by inhibiting anti-inflammatory responses.^[@bib49]^ We propose that WA-25 can downregulate the ability of NF-κB to induce inflammation. However, the detailed mechanism involved in the regulation of NF-κB is still unclear. NPM is a phosphoprotein that shuttles between the nucleus and the cytoplasm.^[@bib50]^ Generally, NPM is considered a regulator of cellular differentiation, proliferation and transformation and, as a result, may be associated with cancer.^[@bib51]^ Hingorani *et al.*^[@bib52]^ showed that NPM has multiple functions. However, the role of NPM in inflammation has not frequently been described. Our results suggest that WA-25 helps NPM translocate into the nucleus and bind NF-κB, thereby disrupting the NF-κB signaling pathway. As shown in [Figure 3d](#fig3){ref-type="fig"}, we found that high levels of NPM are colocalized with NF-κB after treatment with WA-25. Some studies reported that abnormal NPM levels accumulate in the cytoplasm.^[@bib53],\ [@bib54]^ Our results showed that NPM was almost exclusively found in the cytoplasm in the LPS group. Therefore, we propose that a mechanism exists by which abnormal NPM is degraded, thus preventing its entry into the nucleus. Lysosomes play a critical role in degrading organelles, proteins and other substances during homeostasis maintenance.^[@bib55]^ We found that NPM might be degraded by lysosomes after its stimulation by LPS. However, few studies have demonstrated an interaction between NPM and lysosomes. We used immunoprecipitation assays to explore whether WA-25 actually induces NPM to bind NF-κB in the nucleus. From these results, we propose that WA-25 promotes NPM translocation into the nucleus, thereby inhibiting the LPS-induced NF-κB signaling pathway. In addition, we found that inflammation can cause NPM degradation by lysosomes in the cytoplasm. These data indicate that NPM shuttles between the cytoplasm and the nucleus, depending on the concurrent inflammatory state.

NSC 348884 is an NPM inhibitor that can induce cancer cell apoptosis.^[@bib56]^ Therefore, we used NSC 348884 and NPM siRNA to examine whether the therapeutic effects of WA-25 are mediated by NPM. We observed that both NSC 348884 and NPM siRNA disrupted the downregulation of iNOS by WA-25. However, some studies reported that NPM may play a role in AD. Park *et al.*^[@bib57]^ used two-dimensional electrophoresis to determine that NPM expression was altered in cases of AD. Interestingly, the effects of WA-25 on AD were disrupted by either NSC 348884 or NPM siRNA. Furthermore, in mice induced to develop AD, NPM was present in the cytoplasm of skin cells, similar to the results observed after the LPS stimulation of macrophages. We also found that NPM knockdown decreased the levels of the lysosomal marker LAMP1, suggesting the presence of fewer lysosomes in the cell. From these data, we propose that NPM can serve as a novel target for AD treatments, thereby reducing inflammation, skin barrier dysfunction and itching.

During AD progression, patients often experience skin barrier dysfunction.^[@bib58]^ Therefore, some researchers believe that barrier-restoring therapies are extremely effective for AD.^[@bib59]^ Because E-cadherin is responsible for cellular adhesion, Nakai *et al.*^[@bib60]^ suggested that a reduced expression of E-cadherin would result in skin barrier dysfunction. From our results, we observed that WA-25 can recover AD-induced disruption of the skin barrier ([Figure 5a](#fig5){ref-type="fig"}). FLG also plays a major role in skin barrier dysfunction.^[@bib61]^ Several studies have demonstrated that low FLG levels result in many skin diseases, such as atopic eczema and dry skin.^[@bib62]^ Consistent with our results, we observed that WA-25 inhibited the AD-induced downregulation of FLG. Furthermore, this inhibition could be blocked by NPM knockdown. Thus, we suggest that WA-25 ameliorates skin barrier dysfunction via NPM.

Histamine and substance P have both been shown to play roles in AD-associated itching.^[@bib63],\ [@bib64]^ Therefore, antihistamines are often used to treat AD. As shown [Figure 5c](#fig5){ref-type="fig"}, we found that WA-25 could relieve AD-induced overexpression of both histamine and substance P. Therefore, it is apparent that WA-25 can inhibit itching. In addition, a recent study reported that substance P may cause chronic itching,^[@bib65]^ which is considered a breakdown of itch-sensing neurons, and that it may cause the spinal cord to transmit abnormal signals to the brain.^[@bib66]^ Additionally, alloknesis may be a central mechanism by which itch-related neurons in the spinal cord are activated.^[@bib67]^ Therefore, astrocyte activation may cause alloknesis and chronic itching.^[@bib29]^ Based on these hypotheses, we examined whether astrocytes were activated in the dorsal horn of the spinal cord. The data showed that WA-25 inhibited AD-induced astrocyte activation. Interestingly, NPM knockdown disrupted the anti-itching effects of WA-25. However, few studies have discussed an association between NPM and itching. Given these results, we proposed that NPM also plays an important role in chronic itching. Several studies have indicated that cytokines are involved in AD; therefore, therapies have been developed to modulate the expression of cytokines.^[@bib68],\ [@bib69]^ We used an inflammation antibody array to measure the expression levels of 40 inflammatory cytokines in the serum. We found that WA-25 inhibited the overexpression of nearly all AD-stimulated inflammatory cytokines. Furthermore, NPM knockdown blocked the downregulation of inflammatory cytokines by WA-25. Consistent with our previous results, WA-25 was shown to inhibit inflammation.

Our previous studies reported that WA-25 impedes the formation of foam cells, which would cause atherosclerosis by activating the transforming growth factor β1 (TGF-β1) pathway.^[@bib24]^ Interestingly, TGF-β1 inhibits AD in NC/Nga mice.^[@bib70]^ However, we also found that WA-25 inhibits angiogenesis.^[@bib71]^ A recent study demonstrated that high levels of vascular endothelial growth factors-A (VEGF-A) are detectable in AD skin.^[@bib72]^ Therefore, angiogenesis may play an important role in AD. We suggest that TGF-β1 or VEGF-A may be useful therapeutic targets for AD. However, a few reports have discussed the role of NPM in the TGF-β1 pathway or angiogenesis. Therefore, NPM may provide novel insight into TGF-β1- or VEGF-A-related diseases.

Taken together, we suggest that WA-25 is a better therapy for the treatment of AD than are the currently available therapies. Additionally, we found that NPM may play an important role in blocking inflammation and AD, which has not been discussed previously. However, the detailed mechanism by which NPM aids in the recovery of the skin barrier and in preventing itching should be investigated in the future.
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![Anti-inflammatory and anti-oxidative stress effects of WA-25 in LPS-stimulated macrophages after 16 h. (**a**) Western blot of iNOS from LPS-stimulated macrophages treated with 10 μ[M]{.smallcaps} WA-25. The relative density of iNOS is shown in the graphs. (**b**) NO production from LPS-stimulated macrophages treated with 10 μ[M]{.smallcaps} WA-25. (**c**) Reactive oxygen species (ROS) production from macrophages in the control, LPS and LPS+WA-25 groups. (**d**) Immunostaining of HO-1 (red) in macrophages in the control, LPS and LPS+WA-25 groups. (**e**) Western blot analysis of HO-1 and Nrf2 from LPS-stimulated macrophages treated with 10 μ[M]{.smallcaps} WA-25. Relative densities of HO-1 and Nrf2 are shown in the graphs under the blots. \*Significantly (*P*\<0.05) different from the LPS-stimulated group. Scale bar=30 μm; *n*=6 per group.](emm2017272f1){#fig1}

![Therapeutic effects of WA-25 on AD. (**a**) Protocol for induction of AD in BALB/c mice. (**b**) The photos of the control, AD, WA-25-treated (AD+W) and HC-treated (HC) groups were taken on day 15. (**c**) AD scores of the control, AD, AD+W and HC groups. (**d**) TEWL of the control, AD, AD+W and HC groups. (**e**) Scratching behavior of the control, AD, AD+W and HC groups. (**f**) Alloknesis scores of the control, AD, AD+W and HC groups. (**g**) Immunostaining of iNOS and HO-1 in the skin of animals from the control, AD and AD+W groups. \*Significantly (*P*\<0.05) different from the AD group. ^\#^Significantly (*P*\<0.05) different from the AD+W group. Scale bar=50 μm. *n*=6 per group. AD, atopic dermatitis; TEWL, transepidermal water loss.](emm2017272f2){#fig2}

![Effects of WA-25 on NF-κB activity and NF-κB--NPM interaction after 6 h. (**a**) Western blot and ratio of p65 NF-κB translocation is shown. (**b**) Western blot analysis of sirt-6. Relative densities of sirt-6 protein expression are provided. (**c**) Western blot analysis of NPM. Relative densities of nuclear and total NPM protein expression are provided. (**d**) p65 NF-κB (green) and NPM (red) immunostaining. Scale bar=5 μm. (**e**) Immunostaining of LAMP-1 (green) and NPM (red). Scale bar=7.5 μm. (**f**) Immunoprecipitation of NPM and immunoblot analysis of p65 NF-κB. Relative densities of NPM and p65 NF-κB are provided. \*Significantly (*P*\<0.05) different from the LPS-stimulated group; *n*=6 per group.](emm2017272f3){#fig3}

![Downregulation of NPM blocks anti-inflammatory effects of WA-25. (**a**, **b**) Western blot of iNOS. Relative densities of the bands are provided. \*Significantly (*P*\<0.05) different from the LPS group. ^\#^Significantly (*P*\<0.05) different from the L+WA-25+siRNA group; *n*=6 per group. (**c**) Photos of animals from different groups on day 15. (**d**) AD scores, (**e**) TEWL levels, (**f**) scratching behavior and (**g**) alloknesis of the groups. (**h**) NPM immunostaining in the skin. Scale bar=8 μm. (**i**) LAMP-1 immunostaining in the skin. Scale bar=50 μm. \*Significantly (*P*\<0.05) different from the AD+W group; *n*=6 per group. TEWL, transepidermal water loss.](emm2017272f4){#fig4}

![NPM-regulated therapeutic effects of WA-25 on AD. (**a**) Immunostaining of E-cadherin (green) and DAPI (blue) in the skin. Scale bar=30 μm. (**b**) Immunostaining of FLG-1 (green) in the skin. Scale bar=100 μm. (**c**) Immunostaining of histamine and substance *P* in the skin. Scale bar=50 μm. (**d**) Immunostaining of glial fibrillary acidic protein (GFAP) (red) from the dorsal horn of the spinal cord. Scale bar=100 μm; *n*=6 per group.](emm2017272f5){#fig5}
